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This paper presents a design methodology for the implementation of a miniaturized square patch antenna and its circuit model for
5.15 GHz ISMband.Theminiaturization is achieved by employing concentric complementary split ring resonator (CSRR) structures
in between the patch and ground plane. The results are compared with the traditional square patch antenna in terms of area,
bandwidth, and efficiency. The area is reduced with a ratio of 1/4 with respect to the traditional patch. The miniaturized square
patch antenna has an efficiency, bandwidth, and reflection coefficient of 78%, 0.4%, and −16 dB, respectively.Themeasurement and
circuit modeling results show a good agreement with the full-wave electromagnetic simulations.
1. Introduction
Microstrip patch antennas are preferred due to their low
cost, light weight, and ease of integration in many microwave
applications. However, there is demand on the reduction of
antenna size in particular applications such as some military
and commercial wireless communication systems where the
system size and profile are a constraint. Over the past few
years, significant amount of work has been done to reduce
the size of the patch antennas. One of the traditionalmethods
is to use materials with high permittivity [1] which yields
a size reduction up to 30–50%. However high permittivity
substrates lead to high cost and suffer from surface waves
which degrade the radiation characteristics of the antenna by
increasing significant amount of side lobes [2–4]. To suppress
the surface waves a number of techniques are proposed in [5–
7]. Among them, the most famous remedy is to surround the
antenna structure with band gap structures to prevent energy
from being trapped inside the substrate. However, forming
a band gap by making periodically placed holes occupies a
large area making this approach impractical for miniaturized
antennas. Another technique to reduce the patch size is to
employ RIS (reactive impedance substrate) as discussed in
[8] where Trans-Tech MCT-25 magnesium calcium titanate
composition (𝜀
𝑟
= 25) is used as a RIS substrate. However
using such a high permittivity and nonstandard substrate
increases the cost significantly.
In some other research efforts, it is proposed to achieve
miniaturization by increasing the path of the current on the
patch antenna. It is reported in [9] that a reduction up to
36% is achieved by using slits. Some of the most common
methods which can be employed to reduce the size of the
antenna are inserting slots [9], shorting pin [10], corrugation
structure [11], and iris structures [12]. However, all of these
methods have some limitations such as low performance and
manufacturing complexity.
In order to reduce the size of patch antennas comple-
mentary split ring resonators (CSRRs) on ground plane [13–
15] are proposed typically providing average reduction of
about 30% in area which is accompanied with a decrease of
front to back ratio up to 1 dB. They also increase the cross-
polarization to the same level as the copolarization. In this
paper, miniaturized square patch antenna is proposed for
ISM 5.15GHz band by using a simple design methodology.
The size reduction is achieved by employing a CSRR based
metamaterial plane in between the patch and ground plane
without degrading the front to back ratio significantly. The
measurement results indicate that the area is reduced with a
ratio of 1/4 compared to a traditional patch at the expense
of an acceptable degradation in efficiency and bandwidth.
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Figure 2: Top view of miniaturized antenna with physical parame-
ters.
To the authors’ knowledge the approach presented in this
work, which is also supported withmeasurements and circuit
model, is applied on square patches for the first time. The
following sections present the antenna design approach and
simulation results in comparison with the measurement
results and finally a simple transmission line model of
miniaturized patch is discussed.
2. Antenna Design
The miniaturized patch antenna consists of two separate
substrates where the metamaterial plane is sandwiched in
between, as shown in Figure 1. The top and bottom planes on
the surfaces of this stack of substrates form the patch antenna
and the ground plane, respectively. Rogers RT/Duroid 6002
having relative permittivity of 𝜀
𝑟
= 2.92, loss tangent of
tan 𝛿 = 0.002, and height of ℎ = 0.762mm is used for the
design. The top view of the miniaturized antenna geometry
is shown in Figure 2. The metamaterial plane is composed
of a metal plane with CSRR pattern on it. Three concentric
CSRRs are fit considering the fabrication tolerances. Two
RT/Duroid 6002with 0.762mmheights are used and denoted
as subs 1 and subs 2 in Figure 2. Considering the analysis and
Table 1: Physical parameters of the traditional antennawith quarter-
wave transformer and miniaturized patch antennas.


































the proposed models of SRR structure discussed in [14, 16–
18], the gap 𝐺 of the SRR acts as a capacitor and length of the
SRR increases the inductive effects. CSRR is the dual structure
of SRR. The metamaterial plane in between two substrates
acts as the loading element decreasing the electrical size of
the antenna. In order to assess the level of miniaturization, a
square shaped traditional patch is also implemented without
the metamaterial plane.
3. Results and Discussion
The optimization of antennas is carried out by using para-
metric analyses of AnsysHFSS. A traditional patch, where the
metamaterial plane is not included in between two substrates,
is chosen as the reference antenna. Table 1 gives the physical
parameters of the antennas. The miniaturized antennas are
implemented by attaching two separate substrates: The first
one, subs 1, has the patch pattern and the second one,
subs 2, has the CSRR (metamaterial layer) pattern on the
top surface and the ground plane at the bottom. LPKF rapid
PCB prototyping tool [19] is used to pattern the layers with a
precision of about 0.2mm.The substrates are aligned by using
thru holes and separate substrates are fixed using Kapton
tapes as shown in Figure 3. Figure 4 shows the measured and
simulated reflection coefficients of the traditional patch and
miniaturized patch which has an area of 1/4 of the traditional











Figure 3:Aphotograph of the fabricated designs of traditional patch
with quarter-wave transformer and miniaturized patch with longer
feed line.

















Figure 4:Measured and simulated reflection coefficient comparison
of traditional antenna with quarter-wave transformer andminiatur-
ized antenna with longer feed line.
patch. It is evident from the results that the miniaturization
has led to the reduction of the −10 dB bandwidth of the
antenna from 2% to 0.4%. The measurement results also
indicate that there is a shift between the measured and
simulated results of both antennas. The main reason behind
this shift is the unwanted air gap remaining in between
the substrates during the prototyping process. In order to
verify the effect of the air gap on the resonant frequency,
the simulation models are modified by including the air gap
in between subs 1 and subs 2. Figure 5 compares the results
of measured and modified simulations for the reflection
coefficients. A perfect agreement is achieved by employing an
air gap of 0.11mmand 0.045mm in between subs 1 and subs 2
of traditional antenna and miniaturized patch, respectively.
It should be noted here that miniaturized antenna is quite
sensitive to air gap since the characteristics of the CSRR
region are strongly affected by the presence of air. Since only


















Figure 5: Measured and shifted simulated reflection coefficient
comparison of the traditional antenna with quarter-wave trans-


















Figure 6: Simulation and measurement results for 𝐸-plane gain
of traditional patch with quarter-wave transformer (frequency:
5.38GHz).
its sensitivity to the air gap, that is why the measured reflec-
tion coefficient of miniaturized patch has moved to higher
frequency as compared to the traditional patch antenna as
shown in Figure 5. Figures 6 and 7 show the simulated and
measured gain patterns of traditional patch in 𝐸- and 𝐻-
planes, respectively. The measurements are carried out using
Satimo StarLab 18GHz antenna measurement system. The
simulated and measured results agree well verifying that the
manufacturing method of stacking multiple substrates can


















Figure 7: Simulation and measurement results for 𝐻-plane gain
of traditional patch with quarter-wave transformer (frequency:
5.38GHz).
work effectively for the traditional patch. Figures 8 and 9
present the simulated and measured gain patterns in 𝐸- and
𝐻-plane of miniaturized patch. There is a slight decrease
observed in the gain of miniaturized patch which is due
to a slight displacement of metamaterial layer along the
feed line during the fabrication. Figure 10 shows the change
of the antenna gain as the metamaterial layer is shifted
towards the feed. It is noted that displacement of even less
than 1mm from the patch center towards the feed line
reduces the gain tremendously. As the CSRR layer position
determines the current distribution on the miniaturized
patch, the radiation patterns being highly dependent on
surface current distribution will also change. The detailed
discussion on the change of current distribution with respect
to CSRR layer is given in the following sections of paper.
Figures 11 and 12 show how the gain patterns are distorted if
CSRR layer is not placed accurately beneath the miniaturized
patch. The manufacturing accuracy can be improved by
using photolithographic and wafer bonding processes, where
double sided patterning and bonding is achievable on low-
loss substrate with alignment accuracy in the order of a few
micrometers. After miniaturization the front to back ratio is
reduced from 23 dB to 21.5 dB. The co- to cross-polarization
ratio of traditional patch in 𝐸- and𝐻-plane are 47 and 30 dB,
respectively. For miniaturization of patch antenna the co- to
cross-polarization ratio in 𝐸- and𝐻-plane are reduced to 43
and 27 dB, respectively. With this level of miniaturization the
miniaturized values of front to back ratio and co- to cross-
polarization ratio are practically acceptable and comparable


















Figure 8: Simulation and measurement results for 𝐸-plane gain of


















Figure 9: Simulation and measurement results for𝐻-plane gain of
miniaturized patch with longer feed line (frequency: 5.51 GHz).
Table 2 gives a summary of the performances of the tradi-
tional patch and miniature antennas. The miniaturization of
the patch is achieved at the expense of acceptable degradation
in gain, efficiency, and bandwidth.
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Figure 10: The simulation results showing the variation of the
antenna gain due to the displacement (misalignment) of the CSRR




















Figure 11: Simulation results for 𝐸-plane gain of miniaturized patch
at different location of CSRR plane moved towards the feed line.
4. Modeling of Miniaturized Patch
Loaded with CSRR Layer
In order to assess the operating principle and define a guide-
line to design a miniaturized antenna, first a transmission
line loaded with CSRR plane shown in Figure 13 is simulated.
The circuit model given in Figure 14 is employed to verify the
operation of CSRR plane [22]. Figures 15 and 16 show the
reflection and transmission coefficient results where a good




















Figure 12: Simulation results for𝐻-plane gain ofminiaturized patch







Figure 13: Transmission line loaded with CSRR.
Table 2: Comparison of performances of the traditional and
miniaturized patch antennas obtained through simulations.
Traditional patch Miniaturized patch
Gain (dBi) 7.35 5.72
Directivity (dBi) 7.39 6.78
Rad. efficiency (%) 98.6 78
Bandwidth (%) 2 0.4
Bandwidth (10 dB) (MHz) 103.4 21.2
Prior to modeling of miniaturized square patch, the
traditional patch is modeled using transmission line model
of patch as shown in Figure 17 where the two radiating slots
along the length of patch are modeled as shunt reactances.
Figures 18 and 19 compare the magnitude and phase of
reflection coefficient of circuit model and simulated results,
respectively. The model results show a very good agreement
with the simulated results.
Similar to the traditional patch antenna, the miniatur-
ized one is also modeled with two radiating slots loaded
with CSRR as shown in Figure 20. It is sufficient to model
6 International Journal of Antennas and Propagation
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CCSRR1 CCSRR2 CCSRR3 CCSRR4
LCSRR1 LCSRR2 LCSRR3 LCSRR4
Zo
Figure 14: Circuit model of a transmission line loaded with CSRR.













Figure 15: Comparison of circuit model and simulated reflection
coefficient results of transmission line loaded with CSRR.














































𝐶CSRR (pF) 16.7 — —
𝐿CSRR (pH) 57 — —
the CSRR in miniaturized patch with a single 𝐿𝐶 section
whose resonant frequency lies in the regime of resonant
frequency of the antenna. Table 3 shows the summary of
modeling parameters of traditional and miniaturized patch
antennas. Figures 21 and 22 compare the magnitude and
phase of reflection coefficient of model and simulated results,














Figure 16: Comparison of circuitmodel and simulated transmission
coefficient results of transmission line loaded with CSRR.
Zo Zot Zop
lotlo lop
Rp Cp Rp Cp
Figure 17: Circuit model of traditional patch antenna using trans-
mission lines.
Frequency (GHz) 













Figure 18: Comparison of circuit model and simulated reflection
coefficient results of traditional patch antenna.
with the simulation results. Figure 23 shows the surface cur-
rent, 𝐽
𝑠
, distribution on traditional square patch and minia-
turized patch.The CSRR is changing the current distribution
on the miniaturized patch which, in turn, changes the input
impedance of the miniaturized patch. It also explains the
reason behind the miniaturization of the square. The CSRR
plane causes the current on the square patch to follow a longer
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Figure 19: Comparison of circuit model and simulated phase of






Figure 20: Circuit model of miniaturized patch loaded with CSRR
using transmission lines.
Frequency (GHz) 















Figure 21: Comparison of circuit model and simulated reflection
coefficient results of miniaturized patch antenna loaded with CSRR.
path allowing miniaturization. The current distribution also
explains the degradation of the gain of the miniaturized
antenna with the slight change of the CSRR plane location
since the current distribution on the miniaturized antenna
is highly dependent on the location of CSRR as shown in
Figure 23. It should be noted that if the location of the CSRR
Frequency (GHz) 











Figure 22: Comparison of circuit model and simulated phase of
reflection coefficient results of miniaturized patch antenna loaded
with CSRR.
is changed, it modifies the current distribution on antenna
which eventually affects the far field radiation and gain of
the antenna. Figure 24 shows current distribution ondifferent
locations of CSRR plane shifted towards the feed line of
miniaturized antenna. The current distribution is highly
dependent on the location of CSRR. As the CSRR plane
is moved towards feed line, it starts loading the feed line.
After 1mm of shift, it is deduced that the maximum current
distribution is being concentrated around CSRR towards the
feed line which, in turn, affects the gain and radiated power
of the antenna. Furthermore, as the current distribution on
patch changes, the input impedance of patch starts to change.
For a shifted CSRR plane, we need a slight modification in
the matching network. However, our matching is fixed and
designed for a CSRR positioned with reference to the center
of the patch.
5. Conclusion
This paper presents simple yet effective method for the
miniaturization and modeling of the patch antennas. Minia-
turization of the square patch antenna is achieved by employ-
ing a horizontal layer of CSRR in between the patch and
ground plane. The measurements results of the miniaturized
antennas indicate that CSRR based loading plane shrinks
the antenna area to 1/4 of a traditional patch without
sacrificing the antenna performances significantly. It is also
demonstrated that the CSRR loaded antenna is very sensitive
to the air gap in between the two substrates indicating that the
antenna can be reconfigured using reactive loading elements
on this plane.
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Figure 23: Comparison of surface current (𝐽
𝑠
) distribution of traditional patch and miniaturized patch loaded with CSRR.
0mm 0.5mm 0.8mm 1.2mm 1.5mm
Figure 24: Current distribution on the miniaturized patch antenna on different location of CSRR layer.
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